Single-cell sequencing is a powerful tool for delineating clonal relationship and identifying key driver genes for personalized cancer management. Here we performed single-cell sequencing analysis of a case of colon cancer. Population genetics analyses identified two independent clones in tumor cell population. The major tumor clone harbored APC and TP53 mutations as early oncogenic events, whereas the minor clone contained preponderant CDC27 and PABPC1 mutations. The absence of APC and TP53 mutations in the minor clone supports that these two clones were derived from two cellular origins. Examination of somatic mutation allele frequency spectra of additional 21 wholetissue exome-sequenced cases revealed the heterogeneity of clonal origins in colon cancer. Next, we identified a mutated gene SLC12A5 that showed a high frequency of mutation at the single-cell level but exhibited low prevalence at the population level. Functional characterization of mutant SLC12A5 revealed its potential oncogenic effect in colon cancer. Our study provides the first exome-wide evidence at single-cell level supporting that colon cancer could be of a biclonal origin, and suggests that low-prevalence mutations in a cohort may also play important protumorigenic roles at the individual level.
Introduction
Colon tumorigenesis follows a distinct progression pattern involving a spectrum of histopathological stages, ranging from single crypt lesions to invasive adenocarcinomas [1] . The most prevalent genetic alterations identified in colorectal cancer are APC, KRAS and TP53 mutations and loss of 18q [2, 3] . However, the delineation of genetic abnormalities in malignancy is often confounded by genetic heterogeneities, which can occur at both intratumoral and population levels. The former may give rise to phenotypic heterogeneity that is pertinent to disease progression (e.g., metastasis) and chemotherapy response [4] [5] [6] . In this regard, tumor progression has long been conceived as genetic evolution that follows the Darwinian logic (i.e., the diversification of heritable types tested by natural selection) [7] . According to this model, tumor arises as a consequence of the sequential accumulation of genetic or epigenetic alterations. When subpopulations of cells within the tumor have acquired additional mutations to key driver genes, the fast-growing subclones will outgrow other cells and dominate the tumor, progressing towards an invasive phenotype. The complexity of intratumoral heterogeneity is further increased by the possible violation of the paradigm of monoclonal tumor origin, which stipulates that multiple clones of cells in a malignancy are all derived from a single progenitor or "stem" cell. By examination of X-linked markers in aberrant crypt foci, colonic polyps and colorectal cancer, polyclonality in colon tumorigenesis has been suggested [8] [9] [10] . In 2010, Thirlwell et al. [11] reported that, through sequencing of APC, both familial and sporadic colorectal adenomas could be derived from polyclonal origins. Nevertheless, genome-or exome-wide evidence of polyclonality in colorectal cancer has not yet been provided.
In addition to intratumoral variations, the occurrence of these genetic alterations varies greatly among individuals, signifying the genetic heterogeneity at the population level [12] . To this end, only a few mutated genes (e.g., APC, KRAS and TP53), known as gene mountains, are freqeuntly shared among patients with colorectal cancer, whereas many individual patients harbor their own private mutations. Despite advances in our knowledge of its etiology and pathogenesis, challenges remain to understand the inter-individual variations in the molecular pathogenesis of colorectal cancer and to determine whether private mutations could take part in tumor initiation, progression or regulation of responsiveness or resistance to anticancer agents.
The newly developed single-cell sequencing technology is a promising systematic and comprehensive approach for unraveling intratumoral genetic changes, reconstructing tumor clonal architectures and identifying common mutations located in tumor subgroups [4, 13, 14] . In the present study, we applied multiple displacement amplification (MDA)-based high-throughput single-cell sequencing to carry out single-cell analysis of a colon cancer specimen in order to reveal the intratumoral genetic complexity and delineate the clonality of the tumor of this patient. We also determined the functional importance of a novel activating mutation in SLC12A5, a gene mutated at low frequency at the population level but at high frequency among tumor cells within our single-cell sequenced sample. The results support our proposition that private mutations could be of functional significance.
Results

Quality assurance for single cell isolation and sequencing
Fresh tumor and adjacent normal tissues were taken from a 60-year-old Chinese male patient with colon adenocarcinoma classified as T3N0M0. To obtain detailed cellular genetic information on this tumor, we carried out single-cell sequencing in individual cells from the tumor and adjacent normal samples as previously described [14] . Exome capture was performed on the whole-genome amplification (WGA) products of each cell. The resulting libraries were then subject to Illumina sequencing. In total, 63 single tumor cells that passed the criteria were selected for subsequent analysis. An average sequencing depth in exome regions of the single cells derived from the tumor specimen is 16.6-fold, totaling a comprehensive dataset of approximately 1 061-fold coverage, which enables genotype calling on most sites in exome regions for each cell ( Figure 1A ). Other isolated tumorderived cells were discarded because of amplification and/or hybridization failures to avoid errors in results analysis. To avoid variation calling biases in single-cell sequencing, DNA from tumor tissue and adjacent normal tissue were subject to conventional whole-tissue exome sequencing, with 135-fold in tumor and 88-fold in normal tissue of haploid exome data generated to both cover more than 99% of target regions. With specific stringent criteria based on our false-positive and false-negative estimations ( Figure 1B ) to eliminate bias from the MDA process, 192 somatic mutations were ascertained from single-cell exomes (Supplementary information, Table  S1 ). After subtraction of somatic mutations that occurred at dbSNP v130 loci, 176 somatic mutations were regarded as novel. Ninety-eight percent mutant alleles ascertained from single cells were supported by reads from exome sequencing of whole-tissue sample. Comparison of somatic mutation frequency from the single-cell sequencing data with that of the whole-tissue sequencing showed a high correlation (r 2 = 0.7, P < 2.2e−16) ( Figure  1C ). These data collectively indicate that a high accuracy of mutation calling could be achieved using the singlecell dataset.
Identification of two subsets in tumor cell population by population genetics analyses
To explore the intercellular heterogeneity structure in Figure 2A ). We found that two first components (PC1 and PC2), which represented 45% of the whole inertia (Supplementary information, Table S2 ), clearly divided isolated single cells into three npg Mean) [15] , which also clustered the isolated cells into three subgroups ( Figure 2B ). To better understand the intratumoral architecture and infer the potential clonal relationship, we turned to derive the somatic mutant allele frequency spectrum (SMAFS) of isolated tumor cells ( Figure 2C ). We simulated the SMAFS of tumors originating from one to five progenitor cells as previously described [13] and compared them with the actual data, which revealed a peak in the frequency window of 20%-30% resembling the predicted pattern of a tumor of biclonal origin.
Distinct cellular origins of two subsets revealed by clustering of driver events
Figure 3 Potential driver events in two independent clones of tumor cells isolated from a case of colon cancer. Unsupervised two-way hierarchical clustering of potential cancer driver genes identified by both single-cell sequencing and a separate cohort study of 21 colon cancer cases distinguished two clones of tumor cells. The major clone (red) was characterized by prevailing TP53 and APC mutations, whereas the minor clone (blue) contained mutations in two cancer-related genes, CDC27 and PABPC1. Isolated normal cells (green) did not harbor any detectable mutation. The TP53 and APC mutations were shared by cells in the major clone (red) but not by cells in the minor clone (blue), which strongly suggests that the tumor is of biclonal origin. The clustering analysis per se does not imply a known ancestral root. Color intensity in the clustering analysis corresponds to the log 2 ratio of the probability of being mutated to that of being wild type. Red color denotes the high likelihood of being mutated whereas green color refers to the opposite. To identify potential cancer driver genes that play a causal role in colon tumorigenesis in this individual, we compared our single-cell data with that of an additional cohort study (unpublished data) comprising whole-tissue exome-sequencing analyses of 21 Chinese colon cancer patients. Hierarchical clustering of overlapped genes divided the isolated cells into three subgroups (i.e., normal cells and two tumor cell subsets). The major tumor cell subset harbored TP53 and APC mutations as early events. Although mutations of TP53 and APC were not detected in all cells in the major clone, this could be caused by the failure to cover these two genes during sequencing. A high proportion of these cells also contained somatic mutations in other cancer-related genes, such as, GRM1 and RELN whose genetic alterations have been reported in other human tumors [16, 17] . In contrast, the minor tumor cell subset predominantly contained CDC27 and PABPC1 mutations (Figure 3) . Concordantly, both CDC27 and PABPC1 have been reported as tumor suppressors in other cancer types [18, 19] . The absence of TP53 and APC mutations as well as other genetic alterations in the minor cell subset strongly supports that these The density distribution of SMAFS of 21 whole-tissue exomesequenced colon cancer was analyzed by kernel density estimate (KDE). Tumors of different clonality were expected to give rise to different KDE patterns. (B) KDE plot of the same tissue specimen (*CC) that was subject to single-cell sequencing was extracted from whole-tissue exome-sequencing data. Similar to SMAFS derived from single-cell sequencing, this specimen exhibits a peak in the frequency window of 20%-30% in the KDE plot of whole-tissue exome-sequencing data. (C) Hierarchical clustering was performed to segregate colon cancer samples into subgroups based on KDE patterns. It is inferred that specimens D4, D13 and D15 clustered along with *CC are of possible biclonal origin.
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npg two tumor cell subsets were indeed derived from two cellular origins at a point before the occurrence of TP53 and APC mutations.
Heterogeneity of cellular origin in colon cancer
To further examine whether polyclonality is a common feature of colon cancer, we derived the SMAFS patterns from the 21 exome-sequenced colon cancer cases. Although the SMAFS patterns of whole-tissue exomesequencing data could not be used to infer the exact clonal origins in these samples, we observed multiple recurrent SMAFS patterns among the 21 cases ( Figure  4A) . Consistent with the single-cell dataset, the SMAFS pattern derived from whole-tissue exome sequencing of the same specimen (denoted as *CC in Figure 4B ) was characterized by a distinct peak in the frequency window of 20%-30%. Hierarchical clustering of these SMAFS patterns revealed that clonal origin was heterogeneous at the population level in colon cancer ( Figure 4C ).
Identification of cancer driver genes
Next, we sought to identify somatic mutations that had a higher likelihood of having functional impacts.
To do so, we calculated the statistical significance of the observed mutation prevalence for each gene in the context of the background mutation rate and gene sequence length ( Figure 5A ). The mutational landscapes at both individual and population levels were depicted ( Figure  5B and 5C). Such an approach shortlisted several genes, including two genes (i.e., APC and TP53) that have been well characterized as driver genes in colon carcinogenesis. Consistent with earlier colon cancer studies [20] , TP53 had the highest prevalence of protein-altering mutations identified in cell population of the major clone (53/57 = 93%), in which an arginine-to-cysteine mutation was detected at codon 273, a hotspot in colon cancer [20] . A novel truncation mutation G1288* in APC was also detected in 48 (84%) cells in the major clone. The mutation site was in close proximity to the "mutation cluster region" (codon 1300), in which truncation mutations have been shown to abrogate the β-catenin-binding activity of APC [21] . When we assessed the landscape at an individual-cell level within the single tumor tissue, we found that only a few genes (13/186 = ~7.0%) were shared with the cohort results. Most other mutated genes highly shared among cancer cells within this individual tumor were not present in the cohort, indicating that a driver event at an individual level may not be prevalent at the population level. Next, we validated this concept through further functional characterization.
Functional characterization of a low-prevalence mutated gene SLC12A5
To elucidate the potential oncogenic functions of rare mutations discovered by single-cell sequencing in colon cancer, we investigated a mutant gene SLC12A5 of unknown oncogenic or tumor-suppressing function. This gene is frequently mutated among cancer cells within this individual tumor and thus predicted as a driver gene. Mutation of SLC12A5 was also detected in 1 out of the additional 21 cases of colon cancer but occurred at a different site. The biological function of the SLC12A5 H768L mutation as identified by single-cell sequencing was evaluated ( Figure 6A ). The expression of SLC12A5 was first determined in normal colon tissues and a panel of colon cancer cell lines by RT-PCR. SLC12A5 mRNA was overexpressed in colon cancer cell lines, suggesting a potential oncogenic role ( Figure 6B ). Stable ectopic expression of the mutant SLC12A5 increased colonyforming abilities and cell proliferation in two colon cancer cell lines, SW480 and SW1116, when compared with the wild-type (WT) control ( Figure 6C-6E ). Ectopic expression of the H768L SLC12A5 mutant also reduced apoptosis in these two cell lines ( Figure 6F ). Taken together, these results suggest that the SLC12A5 mutation identified in this study may potentially promote colon carcinogenesis through altering the balance between cell proliferation and cell death.
Discussion
Although the paradigm of monoclonal tumor origin has been upheld for decades, accumulating evidence supports that many human tumors could have a polyclonal origin [22] . Sakurazawa et al. [8] using a method based on X-chromosome inactivation found that aberrant crypt foci, the putative premalignant lesions of colon cancer, were a mixture of monoclonal and polyclonal lesions. Beutler et al. [9] also reported a case of colon cancer in which the primary tumor had a multicentric origin, whereas the liver metastases had a unicentric origin. Examination of electrophoretic variants of glucose-6-phosphate dehydrogenase isolated from colonic polyps of three patients with Gardner's syndrome, a subcategory of Familial adenomatous polyposis disease, also revealed that these lesions are multiclonal in origin [10] . Here, we presented a genome-wide evidence at single-cell level that supports a biclonal origin in this case of colon cancer. First of all, two non-overlapping subgroups were identified by population genetics analyses (i.e., PCA and phylogenetic tree analysis) in the tumor cell population. Moreover, SMAFS of isolated tumor cells was consistent with the predicted pattern of a tumor of biclonal origin. Although a slight deviation between the observed and predicted SMAFS patterns was noted, it could be caused by unequal dominance of the two tumor clones. The two clones of tumor cells also harbored distinct mutation patterns, which probably explained the unequal dominance of these two tumor cell subsets. Importantly, we observed that polyclonality in the origination of colon cancer is common based on the heterogeneity of SMAFS patterns derived from the exome-sequencing data of additional colon cancer cases.
Understanding the clonal origin of cancer is of paramount importance to disease modeling. In particular, in this case of colon cancer, two or more colonocytes in close proximity might have been exposed concurrently to the same source of insult (e.g., mutagens) that had lead to distinct genetic alterations in individual cells. It is likely that the colonocyte with APC and TP53 inactivation had more oncogenic potential when compared with colonocytes with other genetic alterations (e.g., CDC27 and PABPC1 mutations) because APC and TP53 are potent tumor-suppressors, which could explain why two tumor cell clones of unequal dominance could have arisen in a single tumor at the same time. Polyclonality also has therapeutic implications because different clones of tumor cells would have different chemosensitivity and response to targeted therapy. Further experiments, including multiple sample analysis using single-cell sequencing, would more definitely address whether polyclonality is a common phenomenon in colon cancer.
Another important feature of this work is the successful verification of the functional impact of a rare mutated gene. Historically, the vast majority of large-scale cancer genomics researches have focused on highly prevalent mutants, most of which are shown as "mountains" in the genetic landscape [2, 3] . However, the underestimation of the importance of rare mutants may confound our understanding of the complexity of tumor evolution within individual cancer patients. The ability to grasp the nonprevalent mutants in individual tumors by single-cell sequencing may contribute to the study of biological basis of genetic heterogeneity in cancer. To explore the potential oncogenic activity of an infrequent mutant, we carried out a series of functional studies on a somatic mutation (H768L) in SCL12A5, which encodes a chloridepotassium symporter of the solute carrier family 12. This ion transporter is responsible for establishing the chloride ion gradient through maintaining low intracellular chloride concentration and plays important roles in synaptic inhibition and neuron protection against excitotoxicity [23] . Mutations in SLC12A5 have been described in cases of ovarian and skin carcinomas (COSMIC database). We demonstrated here that activation of SLC12A5 is a potential oncogenic driver event in colon cancer, through promoting cell proliferation and inhibiting apoptosis.
Concordantly, a recent study demonstrated that SLC12A5 could promote cervical cancer cell migration and invasion [24] . Interestingly, enforced expression of wild-type SCL12A5 in colon cancer cells by itself could exert protumorigenic effects, which could be further enhanced by the H768L mutation. This observation suggests that SL-C12A5 might be an oncogene of which H768L mutation is a gain-of-function mutation. However, the mechanism by which this chloride-potassium symporter mediates its oncogenic effect in the wild-type form and in relation to the H768L mutation warrants further investigation. Our findings also support our proposition that non-prevalent mutations could play crucial roles in cancer development at the individual level and highlight the application of single-cell sequencing as a tool to identify key oncogenic events which would be essential to the implementation of personalized cancer therapy.
In conclusion, we demonstrated the biclonal origin in a case of colon cancer by single-cell sequencing. Rare driver events such as activating mutation of SLC12A5 could also be identified at the single-cell level with this platform. Our results provide new insights into the specific molecular events of colon cancer development.
Materials and Methods
Sample collection and preparation of cell suspension
The fresh tumor and adjacent normal tissues were taken from a 60-year-old male patient with adenocarcinoma of the colon classified as T3N0M0 at Peking University Cancer Hospital. A signed written consent was obtained before recruitment for the study according to the regulations of the institutional ethics review boards. Single-cell suspension was prepared by harvesting fresh single cells from carcinoma and adjacent normal tissues in physiological saline.
Collection of single cells and preparation of cell lysates
A manual-controlled pipetting system was used to isolate single cells under an inverted microscope (Nikon Instruments Co., Ltd.). Each cell was transferred into the precooled PCR tube containing the cell lysis solution. The samples were incubated in a thermocycler for 10 min at 65 °C. A physiological saline blank was included as a negative control.
Multiple displacement amplification (MDA) and storage
Whole-genome amplification (WGA) was achieved using REPLI-g Mini Kit according to the manufacturer's manual (Qiagen GmbH). All samples were amplified by MDA. A reaction in a total volume of 50 µl was performed at 30 °C for 16 h and then terminated at 65 °C for 10 min. Amplified DNA products were then stored at −20 °C.
Concentration measurement, amplification coverage estimation and sequencing
The Qubit Quantitation Platform (Life Technologies) was used to measure the concentration of MDA products to check if the MDA was successful. Then all successfully amplified products of which DNA yields reached more than 30 ng/µl were examined by housekeeping-gene PCR to estimate amplification coverage. The MDA products with at least eight housekeeping genes successfully amplified were selected for further exome sequencing.
Somatic mutation detection and genotype likelihood estimation
After removal of adapters and low quality reads, all the sequencing reads were mapped to the hg18 reference genome, with no more than two mismatches by SOAP2. Then the PCR duplicates, low-quality (Q < 20) and non-uniquely mapped reads were also removed. Somatic mutations were predicted by SOAPsnv based on the reads-supported information for different alleles. A candidate somatic mutation was called if the following criteria were met: (1) The read depth of high-quality (Q > 20) sequencing was ≥ 6 in normal/cancer data set; (2) The reads-supported mutated allele was not a result of sequencing error (Binomial test, f = 0.1, P < 0.01); (3) The scores of sequencing quality for mutated alleles were not lower than those of normal alleles (Wilcoxon rank sum test, P > 0.01); (4) Mutant allele frequency change between cancer sample and adjacent normal ≤ 20% and a Fisher's exact test P < 0.01; (5) Mutated alleles were not significantly different among repeatedly aligned reads (Fisher's exact test, P < 0.01); (6) Mutant alleles were not significantly enriched within 10 bp of 5′ or 3′ ends (Fishers exact test, P > 0.01).
For each single nucleotide variant (SNV) site detected in each sequenced cell, a Bayes calibration which takes allele dropout (ADO), sequencing data and a priori probability into consideration was applied to estimate whether the site was mutated. The probability of each possible genotype Ti can be estimated by the following formula, In the formula, n represents the number of possible genotypes. Here, we considered three genotypes (AA, Aa, aa), where "A" represents a normal allele and "a" represents a mutant allele. Other alleles are considered as sequencing error.
The Q-score calculated as above was used to indicate whether the site was mutated. Generally, an unknown site should have a Qscore of zero. In such case, the a priori probability was calculated as follows:
Taking ADO into consideration, the probability for each genotype will be:
For a genotype T i , the likelihood Pr(D | Ti ) at a site could be calculated from the sequenced alleles. For a total sequence depth m, the likelihood was calculated as: 
Principal component analysis (PCA) and clustering of single cells
The mutation probability of each non-synonymous mutation for each cell was calculated according to the genotype likelihood estimation. The log 2 ratio of the probability of being mutated to that of being wild type was taken to perform the PCA using the ade4 package in R program. The same data for potential cancer driver genes in all cells were used for clustering. The hierarchical clustering method using the Euclidean distance was performed using gplots in the R package.
Clonal heterogeneity in colon cancer
To quantify the heterogeneity of clonal origin in each colon cancer sample, somatic SNVs in diploid regions were subject to kernel density estimate (KDE) analysis. Copy number variants (CNV) were detected by VarScan and processed by DNAcopy. SNVs found in CNV regions as well as those on chrX, chrY and chrM were excluded in this analysis, giving rise to copy-numberneutral heterogeneous somatic SNVs. The KDE plot of each colorectal cancer (CRC) was drawn. Hierarchical clustering over the KDE pattern that is characterizing each CRC sample was also performed to identify CRC subgroups.
Prediction of cancer driver gene
We used the method described by Youn A and Simon R [25] to compute the significance of observed mutations on each gene. The statistical model takes both mutation prevalence and functional impact into consideration. Functional impact was evaluated by mutation scores assigned in the following order: missense < mutation in splice sites < nonsense. Different types of missense mutations were also assigned different scores based on BLOSUM80 matrix. This method assumes that passenger mutations, including silent and non-silent mutations, were generated from the same background mutation process. By incorporating different background mutation rates of each sample into consideration, background distribution of mutation score for each gene was computed. The P-value for each gene was calculated from this background distribution and the test statistics from the observed mutation scores across samples. The P-value was adjusted using the Benjamini-Hochberg method to estimate the false discovery rate (FDR). Significantly mutated genes were selected if FDR ≤ 10%.
